Dark solitons evolving from a dark pulse, which is induced on a long pulse in the normal group-velocity dispersion range by a bright pulse in the anomalous dispersion range through cross-phase modulation in a singlemode fiber, are numerically observed. In most situations dark-soliton evolution is observed after the copropagating bright pulse is filtered. The number of evolving dark solitons and their parameters, including the depth, shifting speed, and shifting direction, are controlled by the intensity and phase profiles of the induced dark pulse at the position where the bright pulse is filtered. The parameters of the induced dark pulse depend on those of the input bright pulse, the relative speed between the input bright pulse and the long pulse, and the position where the bright pulse is filtered. We obtain numerical results by using the beam-propagation method to solve the coupled nonlinear Schrodinger equations. A dark soliton that was almost a black soliton was generated.
INTRODUCTION
Although both bright and dark solitons in optical fibers were predicted in 1973 by Hasegawa and Tappert1   2 and bright solitons were experimentally observed by Mollenauer et al. in 1980,' dark solitons were not experimentally identified until recently. This is because of the difficulty of generating a short dark pulse on a cw or longpulse background to initiate soliton evolution. The first successful generation of dark solitonlike pulses in a fiber was conducted by Kr6kel et al. 4 A more convincing observation of the fundamental dark soliton was achieved by Weiner et al.' Dark solitons can exist in the range of normal or positive group-velocity dispersion (GVD) of an optical fiber. Like their counterpart bright solitons in the range of anomalous or negative GVD, dark solitons exist because of the balance of the pulse broadening that is due to GVD and the pulse compression that is caused by self-phase modulation when it interacts with normal GVD. However, several important differences in characteristics between bright and dark solitons can be recognized: (1) Because bright solitons with the same phase are mutually attractive, higher-order bright solitons consisting of more than one fundamental bright soliton exist. However, there are no higher-order dark solitons, since two identical dark solitons are mutually repulsive. (2) Although a fundamental dark soliton (referred to as the black soliton), which has zero power at the pulse center, moves at the same speed as the background wave, gray solitons, which have nonzero power at the pulse center, move with different speeds from that of the background wave. 6 The shallower the soliton depth, the larger is the speed difference. ( 3) The phase is constant across a bright pulse. However, phase gradients always exist across dark solitons. The deeper is the depth of a dark soliton, the sharper is the phase gradient.
On a cw background, dark solitons can be expressed by 6 q(;,) = qo{A 2 - 
Here S and r are the normalized distance and normalized retarded time, respectively; A is a parameter controlling the soliton shape, AI 5 1. When A = 1, Eq. (1) becomes q(;,) = +qo tanh(qOT), (3) which is a black soliton with background amplitude q 0 . It has a phase discontinuity at T = 0 and the phase contrast is 7r. When AI < 1, Eq. (1) describes gray solitons whose speed differences from the background wave are reflected by the factor (1 -A 2 )1" 2 in Eq. (1). The circumstances of dark-soliton evolution are quite different from those of bright solitons. Certain conditions must be satisfied for an input bright pulse to evolve into a bright soliton in the anomalous GVD range. 7 However, any dip on a cw or long-pulse background in the normal GVD range can evolve into dark solitons. 8 A symmetric dip with a constant phase can evolve into one or more pairs of symmetric gray solitons. An asymmetrical initial dip with a constant phase or a symmetrical initial dip with a phase gradient will evolve into several different gray solitons. 9 The number of dark solitons generated depends on the amount of the negative energy and the phase gradient of the input dark pulse.
Even though dark solitons have been observed, difficulties still exist for generating dark solitons. A new technique for generating dark solitons by means of the electro-optic effect was proposed by Zhao and Bourkoff.' 0 In this paper a simple technique for generating dark solitons is proposed and numerically demonstrated. It can be used for generating dark solitons with various parameters, including fundamental dark solitons (black solitons). The technique arises from the ideas that a phase gradient on a cw can evolve into dark solitons and that such a phase gradient can be induced through crossphase modulation (XPM) by a bright pulse in the anomalous GVD range. In a recent publication it was shown that a solitary wave exists that consists of a bright pulse in the anomalous GVD range and a dark pulse in the normal GVD range, which are mutually supported through XPM." Also, this solitary wave can be generated by copropagating a sharp enough bright pulse in the anomalous GVD range with a long pulse of the same speed in the normal GVD range. A dark pulse is generated and supported by the bright pulse, which is somewhat modified through XPM. After the solitary wave is formed, the dark pulse will evolve into dark solitons if the bright pulse is filtered. If the aforementioned input bright pulse is not sharp enough, no solitary wave can be formed. However, a dark pulse is still generated. This dark pulse also evolves into dark solitons even if the bright pulse is not filtered. Furthermore, if there is group-velocity mismatch between the bright pulse in the anomalous GVD range and the long pulse in the normal GVD range, an asymmetric dark pulse is still generated. After the bright pulse is filtered, the dark pulse can evolve into various dark solitons, depending on the position where the bright pulse is filtered.
The beam-propagation method is used for numerical solutions of pulse evolution. All the pulses involved in the discussions are linearly polarized and are in the same polarization axis in a polarization-maintaining fiber. In Section 2 solitary waves that are sustained through XPM will be briefly reviewed. Then the evolution of dark solitons will be presented in Section 3. The discussions here include the case when no solitary waves are formed. Section 4 will be devoted to the study of the cases where there is mismatch of the speeds between the bright pulse in the anomalous GVD range and the long pulse in the normal GVD range. Conclusions are drawn in Section 5.
SOLITARY WAVES SUSTAINED THROUGH CROSS-PHASE MODULATION
Although various solitary waves that consist of two distinguishable pulses, with different combinations of bright and dark pulses, may exist in a Kerr medium,12'1 4 only a few can be observed in single-mode fibers in which the coefficient for XPM is approximately twice that for selfphase modulation. In such a solitary wave, stable propagation is supported through XPM by each pulse. The well-known case is the combination of a bright pulse in the normal GVD range and a dark pulse in the anomalous GVD range.12-' 5 Recently a new type of solitary wave was discovered.
1 ' Such a solitary wave consists of a bright pulse in the anomalous GVD range and a dark pulse in the normal GVD range. The bright pulse is similar to a bright soliton in both shape and phase profile; however, the dark pulse is quite different from any dark soliton in either shape or phase profile. Such a solitary wave can be generated by copropagating a sharp bright pulse in the anomalous GVD range with a long pulse of the same group velocity in the normal GVD range in a single-mode fiber.
In a lossless fiber, if the polarization can be maintained, the pulse envelope in the anomalous GVD range u and that in the normal GVD range v are governed by two coupled nonlinear Schrodinger equations, au au a 2 u +V+2)
and ja --a u + x V(IVI 2 + 212) = 0.
Here denotes the difference of the group velocities between the two waves and 63 = ko,"/kou'l, with kou' and kook representing the second-order derivatives of the wave number k at the carrier frequencies of v and u, respectively. Notice that ko,," < 0 and kov" > 0, because the pulses u and v are in the anomalous and normal GVD ranges, respectively. Also, in Eqs. (4) and (5) representing the wave numbers at the carrier frequencies of the pulses u and v, respectively. Equations (4) and (5) are solved numerically by means of the beam-propagation method with the following initial conditions: (6) and v( = 0,2-) = exp[-(/40) 4 ]. (7) Here o is always chosen to be much smaller than 40. Note that when u = 1/ro, Eq. (6) represents a bright one-soliton. Note that in a step-index fiber the zerodispersion wavelength is -1.27 jzm. Also, the group velocity has a maximum value at this wavelength. Hence it is always possible to find one wavelength in the normal GVD range and another in the anomalous GVD range such that the group velocities at these two wavelengths are the same. In our numerical simulations we choose a single-mode polarization-maintaining fiber such that the wavelengths 1.2 and 1.35 Am satisfy the above conditions in one of the polarization axes. Based on this choice, we evaluate the GVD by using the material dispersion data in fused silica and ignoring the waveguide dispersion. The results of this evaluation serve quite well for our demonstration for two reasons: (1) The waveguide dispersion is usually weaker than the material dispersion; (2) the real parameter values of a fiber should have small differences from the values of our simplified evaluation. These small differences will not affect the physical pictures that are to be demonstrated in this paper. From our simplified evaluation we obtain 63 = 0.87, xu = 0.94, and x, = 1.06.
The pulse shapes (intensities) of u and v are shown in Figs. 3(a) and 3(b), respectively, up to 4ir. The bright and dark pulses propagate almost without distortion after a r normalized fiber length. Basically, in the early stage of evolution the bright soliton produces a chirping through XPM in the long superGaussian pulse. This chirping evolves into amplitude modulation on the long pulse because of GVD. This amplitude modulation provides the bright soliton with feedback chirping, again through XPM. This feedback chirping tends to destroy the bright soliton. If the input bright soliton is sharp enough, it reshapes itself to form another solitonlike bright pulse, as shown in Fig. 2(a) ; otherwise, it is destroyed and forms a multihump broad pulse, as shown in Fig. 1(a) . As long as the bright soliton is not destroyed, it will help the aforementioned amplitude modulation on the long super-Gaussian pulse to evolve into a sharp dark pulse at the cener with oscillatory tails on both sides. Eventually, the bright pulse in the anomalous GVD range and the sharp dark pulse in the normal GVD range will form a solitary wave. Note that a bright pulse in the anomalous GVD range and a dark pulse in the normal GVD range individually can propagate stably. The function of XPM in such a solitary wave is somehow Fig. 1 . Intensity profiles of (a) the bright pulse in the anomalous GVD range and (b) the long pulse in the normal GVD range. The dashed and solid curves represent the results at the input end ( = 0) and at = 2 respectively. In this case the input bright pulse is a soliton with u = 1/ro = 2, and no solitary wave is formed.
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the normal GVD range, respectively. In each part of each figure, the solid curve represents the result at a distance 27r and the dashed curve represents the input pulse. It can be observed that in the case shown in Fig. 1 the input bright soliton is destroyed, and no stationary dark pulse is generated on the long super-Gaussian pulse. However, in the case shown in Fig. 2 , in which the input bright soliton is sharper, the input bright soliton in the anomalous GVD range is not destroyed, although it experiences some modifications. Also, a dark pulse is generated on the long super-Gaussian pulse. Both the bright and the dark pulses (together called a solitary wave) can propagate stably up to at least 87r according to our numerical simulations. Numerical data show that the phases of both bright and dark pulses are constant across the pulses. Comparisons also show that, although the bright pulse is close to the input soliton, the shape of the dark pulse is quite different from any dark soliton." To demonstrate clearly the stable propagation of the solitary wave in the case u = 1/ro = 3, the evolution of the bright and dark pulses is depicted in 
Hong et al. onstrates the evolution of the dark pulse, starting at = 2 where the bright pulse is separated. In Fig. 4 (a) the dotted, dashed, and solid curves are plotted for the intensities of the wave in the normal GVD range at ; equal to 2ir, 37r, and 4ir, respectively. A pair of symmetric gray solitons is generated. The phase profile of the wave at = 4ir is depicted in Fig. 4(b) . Phase gradients at the positions of gray solitons can be clearly seen. Since the parameters of the evolving dark solitons are determined by the shape of the dark pulse in the solitary wave and the shape of the dark pulse is controlled by the input bright pulse that generates the solitary wave, gray solitons of various depths can be produced by changing the parameters of the input bright pulse.
In the situation shown in Fig. 1 no solitary wave can be generated. However, farther propagation can also lead to the generation of dark solitons. Figure 5 demonstrates farther propagation of the waves shown in Fig. 1 . to cancel the effects of self-phase modulation in each pulse. This cancellation forces each pulse to find a balance condition in the counteraction between pulse broadening and compression that is different from that under which solitons can be formed.
It is noted that the input bright pulse in the anomalous GVD range does not necessarily need to be a soliton for a solitary wave to be generated.
Any sharp enough Gaussian-like pulse canbe utilized for this purpose. 1 1 The criteria of the sharpness of the input bright pulse for creating solitary waves were briefly discussed in Ref. 11 . If the input bright pulse is a fundamental soliton, Uo = 1/ro > 2.4 is the condition to guarantee the formation of solitary waves.
DARK-SOLITON GENERATION
Dark solitons can be generated from any dark pulse on a cw or long-pulse background. 6 8 The evolution depends on the initial pulse shape and phase profile. As is shown in Fig. 2(b) , a sharp dark pulse is formed when a solitary wave is generated. With the copropagated bright pulse in Fig. 2(a) , this dark pulse will propagate without any distortion. However, if the bright pulse is separated, the dark pulse will evolve into dark solitons. Fig. 4 . Evolution of dark solitons from the dark pulse in Fig. 2(b) after the bright pulse in Fig. 2(a) is filtered at ; = 2 7r. (a) The dotted, dashed, and solid curves depict the intensity profiles at ; equal to 27r, 3r, and 47, respectively. (b) The phase profile at ; = 4urr Two identical dark solitons, shifting in opposite directions, can be clearly seen. the distances ; = 47r (dashed curves) and ; = 67r (solid curves). Two bright solitonlike pulses are formed in the anomalous GVD range, and two gray solitonlike pulses are produced in the normal GVD range. The phase profiles of the wave in the normal GVD range at the distances = 47r (dashed curve) and 6r (solid curve) are plotted in Fig. 5(c) , in which sharp phase gradients are located at the positions of evolving gray solitons. Again, the parameters of generated gray solitons are controlled by the input bright pulse.
WALK-OFF EFFECTS
When there is a mismatch in propagation speeds between the input bright pulse and the long pulse, i.e., 8 0 in Eq. (5), walk-off prohibits the formation of solitary waves, since a bright pulse in the anomalous GVD range and a dark pulse in the normal GVD range are mutually repul- Fig. 1(a) . (b) Evolution of the dark pulse in Fig. 1(b) for a longer distance. The dashed and solid curves describe the intensity profiles at equal to 47r and 6 respectively. Fig. 6 . Evolution of the dark pulse that is induced by a bright soliton with u = 1/ro = 3 and a speed lower than the long pulse in the normal GVD range by 8 = 0.5. After the dark pulse is formed, the bright pulse is filtered at = r/2. (a) Intensity profiles at = /2 (dashed curve), 27r (dotted curve), and 47r (solid curve). (b) Phase profiles at = 7r/ 2 (dashed curve) and = 47r (solid curve). Two evolving dark solitons, shifting in opposite directions, can be seen. 
Hong et al. at ; = 7r/ 2 is plotted as the dashed curve. It is easy to confirm that the parameters of the dark solitons shown in Fig. 6 are consistent with the formulations in Eqs. (1) and (2) . The evolution of dark solitons depends on the phase profile in Fig. 6(b) as well as the dip profile (at; = 7r/2) shown in Fig. 6(a) . For demonstration of this dependence, the bright pulse is filtered at a different distance at =r. The intensity profiles of evolving dark solitons at r\ 1 l } j the distances ; equal to r (dashed curve), 27r (dotted curve), and 4qr (solid curve) are shown in Fig. 7(a) . In this 9Xl Jq I d | l situation three gray solitons are generated, two of them shifting toward the leading edge and the third one shifting toward the trailing edge. Their phase profiles are plotted as the solid curve in Fig. 7(b) . Here the phase I | profile at; = ir, where the bright pulse is filtered, is Walk-off is another important factor that controls the evolution of dark solitons. Figure 8 demonstrates the sive. In other words, the solitary waves described in Section 2 are unstable solutions. A perturbation in the relative speed can destroy the solitary waves. However, even when no solitary wave can be formed, the input bright pulse can still generate a dark pulse. . After the bright pulse is filtered, this dark pulse can evolve into dark solitons. Figure 6 demonstrates such a process.
Here the input bright pulse is as described by Eq. (6) with u 0 = 1/To = 3 and the walf-off factor 8 = 0.5. The bright pulse in the anomalous GVD range is removed after it copropagates with the long pulse in the normal GVD range for a distance ; = v/2. 
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-__1 < evolution of dark solitons when the walk-off factor 8 is 1. The bright pulse is filtered at ; = r/2. Figure 8(a) shows the intensity profiles of the central part of the long pulse at ; equal to 7r/2 (dashed curve), 27r (dotted curve), and 47v (solid curve). Again, three dark solitons can be observed. In particular, the one at the center is quite nearly a fundamental dark soliton or black soliton. The evolving dark solitons are confirmed by the phase profile, as shown in Fig. 8(b) . A sharp phase gradient at the center corresponds to the one that is extremely close to being a black soliton. Hence, it is believed that black solitons can be generated by carefully controlling the relative speed between the two input pulses and the position where the bright pulse is filtered.
CONCLUSIONS
It has been numerically shown that dark solitons can be generated through XPM in a single-mode optical fiber. When a bright pulse is copropagated in the anomalous GVD range with a long pulse of the same speed in the normal GVD range in a fiber, a solitary wave may or may not be generated, depending on the sharpness of the bright pulse. Such a solitary wave consists of a bright pulse in the anomalous GVD range and a dark pulse in the normal GVD range, mutually sustained through XPM. If such a solitary wave is formed, dark solitons evolve from the dark pulse when the bright pulse is filtered. If no solitary wave is formed, two identical bright solitons and two identical dark solitons (except for the opposite phase profiles) evolve, even when neither wave is filtered. Usually it is difficult to match perfectly the speeds of the input bright pulse and long pulse. In this situation an asymmetric dark pulse can still be induced on the long pulse by the input bright pulse through XPM. This dark pulse evolves into several dark solitons if the bright pulse is filtered. The number of evolving solitons and their parameters (depth, shifting speed, and shifting direction) are dependent on the intensity and phase profiles of the dark pulse at the position where the bright pulse is filtered. These dependences deserve more discussion. The parameters of all evolving dark solitons are consistent with the formulations in Eqs. (1) and (2) . A dark soliton that was almost a black soliton was generated by the technique discussed in this paper.
To conclude, let us demonstrate an example of real numbers that can be used for experimental implementations. Consider the case U = 1/To = 3, in which a solitary wave can be formed. Assume that the fiber has the dispersion factor D = 5 psec/(nm-km) and effective core area 20 Aum
